The deformation microstructure and deformation process of the Mg-based long period stacking ordered (LPSO) phase accompanied by the formation of deformation kink bands were examined through dynamical observations during compression tests, and the features were compared to those in Zn single crystals. In both crystals, the formation of deformation kink bands was confirmed in specimens compressed along the direction parallel to the basal plane. The deformation kink bands formed in the directionally solidified (DS) LPSO phase crystals and the Zn single crystals had similar morphologies. Their formation induced plastic strain almost along the c-axis. However, their formation behaviors showed some different features. In the LPSO phase DS crystal, two different migration behaviors of the deformation kink band boundaries existed. The slower migration process was comparable to that observed in Zn single crystals. However, a migration process more than 10 5 times faster than the slower process was also monitored. The results imply that two different formation mechanisms of the deformation kink band might exist in the LPSO phase crystal.
Introduction
Mg alloys containing long-period stacking ordered phases, the so-called LPSO phase, have recently received attention owing to their excellent mechanical properties.
118) To clarify the strengthening mechanisms acting in Mg/LPSO twophase alloys, the plastic deformation behavior of the LPSO phase has been of increasing research interest. 1924) We previously clarified that (0001) basal slip is the dominantly operative deformation mode in the LPSO phase. In addition, the formation of deformation kink band effectively accommodates the plastic strain under the condition where the operation of basal slip was macroscopically hindered. 19) The formation of deformation kink band is a less common deformation mode than slip and twinning. However, it is one of the important deformation mechanisms not only in the LPSO phase but also in other materials that show strong plastic anisotropy, such as hcp-Cd, Zn, 25, 26) Ti 3 SiC 2 ceramics, 2729) and mica (muscovite), 30, 31) in which only one slip system was predominantly operative. However, the formation mechanism of the deformation kink band has not been sufficiently clarified yet. One of the famous models explaining the formation of deformation kink band in the hcp crystal was proposed by Hess and Barrett for a Zn single crystal in 1949, 26) as shown in Fig. 1 . In this model, corporative initiation and/or operation, and following arrangement of basal dislocations to be aligned perpendicular to the slip plane are thought to be the basic processes for the formation of the deformation kink band boundary. However, experimental observation and analysis of the deformation kink bands have not been adequately conducted, and thus the detailed formation mechanism has not yet been fully comprehended.
Based on the above background, in this study, the formation behavior of the deformation kink bands in the LPSO phase was experimentally examined by in-situ observation during the compression tests. In addition to the LPSO phase, Zn single crystal, in which the model for the formation of the deformation kink bands shown in Fig. 1 was proposed, was also studied. The differences and similarities between characteristic features of deformation kink formed in them were examined, and the mechanism of formation of the deformation kink band was discussed.
Experimental Procedure
Mother ingots with a composition of Mg 85 Zn 6 Y 9 (at%) were prepared by an induction melting for LPSO phase alloy. Directional solidification (DS) was conducted with the mother ingot by using the Bridgeman method (furnace: NEV-DS2, Nissin giken, Japan) at a growth rate of 10 mm/h under Ar atmosphere in a carbon crucible. The same method was used to grow a Zn single crystal from its raw ingots. From the obtained LPSO phase DS crystal and Zn single crystal, rectangular specimens with an approximate size of 2 mm © 2 mm © 5 mm were cut by electrical discharge machining for compression tests. The loading axis was set parallel to the growth direction in the LPSO phase crystal, and parallel to ½10 10 in the Zn single crystal. Hereafter, they are called 0°-orientation. In both specimens, the compressive deformation was expected to occur accompanied by the formation of deformation kink bands. Since, the operation of basal slip is hindered owing to the development of basal fiber texture in the LPSO phase DS crystal; 19, 32) the basal plane is parallel to the loading axis in many of the grains in the LPSO phase DS crystal. Compression tests were conducted at room temperature in air at a nominal strain rate of 1.67 © 10 ¹4 s ¹1 . During the compression test, the development of deformation microstructure was dynamically monitored using digital microscopes: VHX-200, Keyence, Japan at a frame rate of 15 s ¹1 , and Fastcam-SA3, Photron, Japan at a frame rate of 40000 s ¹1 with a zoom lens (VH-Z100R, Keyence, Japan). The deformation microstructure after the compression test was observed by optical microscopy with Nomarski interference contrast (BX60M, Olympus, Japan). In some observations, the crystal orientation in the LPSO phase DS crystal was determined by using scanning electron microscopy equipped with back scatter electron diffraction detector (SEM-EBSD) (SEM: JEM-6500F, JEOL, Japan, EBSD: TSL solutions K.K., Japan). The details of the specimen preparation method for SEM-EBSD observation are referred in our previous papers. 33, 34) 3. Results and Discussion Figure 2 (a), (b) shows the typical stress-strain curve for Zn single crystal and LPSO phase DS crystal deformed along the 0°-loading orientation, respectively. In Fig. 2(a), (b) , the stress-strain curves at the loading orientation inclined to 45°f rom ½10 10 along the [0001] direction in Zn single crystal and inclined to 45°to crystal growth direction in the LPSO phase DS crystal (referred to as 45°-orientation, hereafter) are also indicated for comparison purposes. As seen in the figures, the stress-strain curve showed significant differences depending on the loading orientation. In both crystals, the basal slip was known to be the predominant slip system. 19, 26) Indeed, the specimens exhibited low flow stress at 45°-orientation by easy operation of the basal slips in both crystals. Although a relatively high work hardening rate was monitored in the LPSO phase crystal compared to that in the Zn single crystal, it may be owing to the DS microstructure. In the LPSO phase DS crystals the (0001) basal planes are precisely inclined to 45°with respect to the loading axis in only some of grains, 19) different from that in Zn single crystal. Thus, the influence of the deformation of other grains could not be fully ruled out on the shape of the stress-strain curve after yielding. The detailed features of the deformation behavior of the LPSO phase 45°-oriented crystal are now under survey with the help of computer simulation. The results will be described elsewhere.
Morphology of the deformation bands
On the other hand, in the deformation at 0°-orientation, both crystals showed much higher yield stress than those at 45°-orientation, since the operation of basal slip was macroscopically hindered owing to their negligible Schmid factors. Instead of the operation of basal slip, the formation of deformation bands was confirmed in them as expected, though the operation of f11 22g pyramidal slip was also observed in Zn single crystal. Higher yield stress was observed in both crystals at 0°-orientation, but their stressstrain curve profiles were slightly different. In Zn single crystal, the flow stress showed a plateau after the initial strong work-hardening and then large drop in flow stress frequently followed at around 10% plastic strain. In the LPSO phase crystal, on the other hand, the flow stress also showed a plateau after yielding but it showed a continuous increase as the deformation proceeded. These differences in the stress-strain curves suggest that the deformation microstructure features developed differently in them. Figure 3 (a), (b) shows the change in the shape of the Zn single crystal and LPSO phase DS crystal specimens deformed to ³20% plastic strain at RT along the 0°-orientation. In this paper, the loading axis was set to be parallel to the vertical direction in all the figures. In the Zn single crystal shown in Fig. 3(a) , the observed direction was parallel to the ½1 210. The vertical black lines observed in the specimen correspond to the traces of basal planes which were introduced by chemical etching in specimen preparation before compression tests. The Zn single crystal specimen did not show a uniform deformation but it locally deformed mainly at both the ends of the specimen accompanied by the formation of deformation bands as shown in Fig. 3(a) . On the other hand, in the LPSO phase DS crystal, small deformation bands were relatively homogeneously introduced in entire specimen as shown in Fig. 3(b) . The morphology of the deformation bands were examined in detail with the higher magnification images. Figure 4 (a), (b) shows higher magnification images of the deformation bands observed on ð1 210Þ and (0001) side surfaces in the Zn single crystal deformed at 0°-orientation to ³5% plastic strain. As seen in Fig. 4 (a), (b), the contrasts of the deformation band boundaries was rather weak when observed on ð1 210Þ compared to those on (0001) surface. Macroscopically, the deformation bands were introduced nearly perpendicular to the loading axis, but when observed on ð1 210Þ surface the formed deformation band boundaries were shown to be inclined to the loading axis. As shown in Fig. 4(a) , the inclined angles of the deformation bands were not constant but they were different in each of the bands. This feature is coincident with the model shown in Fig. 1 , demonstrating that formed deformation bands were not the deformation twin but predominantly deformation kink bands as reported in 1949. 26, 34) In Fig. 4 (a), (b), the change in the shape of specimen surface edges by the formation of deformation kink bands in the Zn single crystal can be confirmed. In Fig. 4 (a), it can be clearly seen that on the ð1
210Þ surface large ridges were formed along the [0001] direction by the formation of deformation kink bands. While the flatness of surface edge was almost unchanged along ½ 12 10 direction on (0001) surface even by the formation of deformation kink bands as shown in Fig. 4(b) . This demonstrates that the formation of deformation kink bands in Zn single crystal brings about the plastic strain almost only along the c-axis. This feature was also coincident with the model of the deformation kink band shown in Fig. 1 . Note that although the trace of the deformation kink band was shown to be relatively straight on the ð1 210Þ surface, it was frequently observed to be wavy on the (0001) surface as shown in Fig. 4(b) . Further details on the 3-dimensional morphology of the deformation kink bands were now under survey using SEM-EBSD analysis, which will be described elsewhere.
Figure 5(a) shows the higher magnification images of the deformation bands observed in the LPSO phase DS crystal deformed at 0°-orientation to ³5% plastic strain. The deformation bands formed in the LPSO phase frequently showed the characteristic beak-like shapes, as previously reported. 19, 34) Macroscopically the beak-like deformation bands were introduced almost perpendicular to the basal plane, i.e. loading axis, but the deformation band boundaries were formed to be inclined to the loading axis. The inclined angle of the deformation band boundaries was different in each deformation band, similarly to those observed in Zn single crystal. To examine the variations in morphology of the deformation bands depending on the observed plane, the crystal orientation in the grains of the LPSO phase DS crystal was determined by the SEM-EBSD method. Figure 5 (b), (c) shows that the deformation bands observed on ð 5 1 6 10Þ surface that is nearly parallel to the prism plane, and on ð5 1 6 900Þ surface that is nearly parallel to the basal plane with deviation angle of ³6°, respectively, in the same grain. By the observation shown in Fig. 5(b), (c) , the deformation bands were found to show many similar features to those observed in Zn single crystal. That is, the deformation band boundaries showed relatively straight morphology on the prism plane, while they showed wavy morphology on the basal plane. In addition, the surface ridge brought about by the formation of deformation bands were significantly appearing along the [0001] c-axis direction when observed on the prism plane as shown in Fig. 5(b) , while little change in the flatness of the specimen edge was observed on basal plane surface as shown in Fig. 5(c) . This indicates that the plastic deformation occurred almost along the c-axis by the formation of deformation bands. Owing to this feature, the contrast of the deformation bands was considerably faint when observed on the ð 5 1 6 10Þ near prism plane surface as shown in Fig. 5(b) . These features suggest that the formed deformation bands in the LPSO phase DS crystal were predominantly deformation kink bands as the same as those in Zn single crystal, as previously discussed. 19, 34) However, some differences of the morphology of the deformation kink bands were found in them, such as the size, shape and distribution of the deformation kink bands. The size of the deformation bands was much smaller, and they were introduced in the LPSO phase specimen with relative homogeneity compared to those in the Zn single crystal. In the LSPO phase crystal, most of the deformation kink bands showed characteristic beak-like shapes. As one of the reasons to induce such differences, instead of the nature of the materials themselves, the influence of the microstructure in specimens, whether single crystal or polycrystal, is considered. In polycrystalline Zn crystal, the formation of the deformation kink bands was reported to be more homogeneous. 34) To elucidate further, the help of computer simulations must be utilized in addition to the experimentation. The research related to this has been conducted by some groups. 35) 3.2 Formation behavior of the deformation kink bands in Zn single crystal and LPSO phase DS crystal As described in the previous section, the deformation kink bands formed in Zn single crystal and LPSO phase DS crystal showed many similarities. However, in-situ observation revealed that their formation behaviors were slightly different in them. Figure 6 shows multiple snapshot images of the deformation microstructure development process during the compression test on the Zn single crystal along 0°-orientation at RT, monitored with VHX-200 (Keyence) digital microscope at a frame rate of 15 s ¹1 . The observed part was near the bottom end of the specimen on the ð1 210Þ surface. In the early stage of the deformation at around yielding, the operation of the f11 22g pyramidal slip was first confirmed by detailed observation using optical microscope, but it could not be clearly detected in this in-situ observation since the contrast of their slip traces was considerably weak. The operation of the f11 22g slip induced slight crystal rotation and hence the operation of basal slip was locally induced as shown in Fig. 6(a) . As the deformation proceeded, a faint line showing the deformation kink band boundary appeared from the end part of the specimen as indicated by the arrow in Fig. 6(b) . The contrast of the deformation kink band boundary gradually became to sharp and the boundary moved toward the central region of the specimen as the deformation proceeded as shown in Fig. 6(c)(h) . The traces of basal slip were largely bent by the deformation kink band formation, which indicates the occurrence of large crystal rotations. The bent angle became larger from a small angle to significantly large angles as the deformation proceeded as shown in Fig. 6(c)(h) . This is attributed to the increasing in the density of dislocations that form the deformation kink band boundary and the accumulation of new deformation kink band boundaries, as Abe et al. previously reported the related results in the LPSO phase.
36) The increase in the deformation kink band's rotation angle enabled the operation of the basal
(g) (h) slip, since the crystal rotation increased the Schmid factor of the basal slip from its negligible value. Indeed, strong line contrast ascribed to the basal slip traces was confirmed in the deformation kink bands as shown in Fig. 6(e)(h) . This crystal rotation by the formation of deformation kink bands induced the so-called geometrical softening, i.e. the significant activation of basal slips inside the deformation kink bands, leading to a large stress drop on the stress-strain curve in deformation of Zn single crystal at 0°-orientation as shown in Fig. 2(a) . As the deformation proceeded further, many deformation kink bands accumulated in the local area and induced a significant deformation as shown in Fig. 6(e)(h) . In some deformation kink bands, secondary deformation kink bands were also developed to accommodate the complicated internal strain field as indicated by arrows in Fig. 6(e), (g) .
From the snapshot images shown in Fig. 6 and others, the average migration speed of the deformation kink band boundaries was evaluated to be ³1.6 µm/s along the direction perpendicular to the kink band boundary. The migration speed of the boundary along the horizontal direction, i.e. the elongation speed of the kink band along its boundary, could not be precisely determined from an in-situ observation. The entire region of the kink boundary simultaneously appeared on ð1 210Þ side surface and the feature of the boundary to "elongate" could not be clearly detected in the observation, as shown in Fig. 6 . Figure 7 shows multiple snapshot images of the development process of the deformation microstructure during the compression test in the LPSO phase DS crystal along the 0°-orientation at RT. By applying stress, deformation kink bands suddenly formed in the grain in small beak-like shapes, which rapidly grow up to the grain boundary ( Fig. 7(a), (b) ). Some of these bands stopped at the grain boundaries, while some grow further beyond, as indicated by arrows in Fig. 7(c) . To clarify the criteria for the propagation of deformation kink band beyond the grain boundary, the relation between the propagation behavior of the deformation kink bands and the geometry of grain boundary was examined as shown in Fig. 8 . The vertical and horizontal axis in Fig. 8 indicate the misorientation angle of the c-axes and a-axes in the adjacent two grains examined by the SEM-EBSD analysis, and whether the propagation of the deformation kink band proceeds beyond the corresponding grain boundary or not are indicated by white circle and black rectangle, respectively. The results indicate that large misorientations around the c-axis over 2030°strongly prohibit the propagation of deformation kink bands beyond the grain boundary. On the other hand, under a misorientation of 2030°with respect to the c-axis, the misorientation around the a-axis does not strongly affect the propagation behavior. This feature may be related to the high arbitrariness of the deformation kink band in which the crystal rotation axis adaptively varied on the [0001] zone axis by changing the kind of basal dislocations that construct the deformation kink band boundary. 33, 34) Further study is required to conclude this. Figure 9 shows the another example of multiple snapshots demonstrating the formation behavior of the deformation kink bands. It can be seen in Fig. 9(a) , (b) that once a deformation kink was formed, formation of new kink bands were frequently followed nearby as indicated by arrows. This was a frequently observed feature in the LPSO phase crystal. In Fig. 9(c) , it can be seen that a relatively large deformation kink band was introduced at the lower part of the image as indicated by the arrow. Around the kink bands, the introduction of traces of basal slip was clearly seen, caused by the local geometrical softening as observed in Zn single crystal. As the deformation proceeded, the bent angle of the basal slip traces, i.e. the rotational angle of the deformation kink band increased, as similarly to those observed in Zn single crystal. In Fig. 9(d) , a large deformation kink band was formed in the right-side grain. Interestingly, from the boundaries of the deformation kink band, new boundaries were continuously generated and many deformation kink bands accumulated in the grain as shown in Fig. 9(f )(h) . By their formations, the plate-like shape of the LPSO phase grain was largely bent at the bottom of the large kink bands, since the formation of deformation kink band brings about the large plastic strain almost along the c-axis as described in previous section. It is noteworthy that even after large deformation, microcracks were not frequently initiated around the bent grains, and the generated strain was effectively accommodated by the plastic deformation in the LPSO phase grains, i.e. by the bending of the grain and/or the formation of some new deformation kink bands.
As described above, it was found that deformation kink bands formed in Zn single crystal and LPSO phase DS crystal show many similarities such as their geometrical morphologies. However, differences were observed on the formation behavior of the deformation kink bands in the LPSO phase DS crystal compared to those in the Zn single crystal. As shown in Fig. 7 (a)(c) and Fig. 9 (a)(c), many of the deformation kink bands suddenly form within the 1/15 s, i.e. faster than the frame rate limit for dynamical observation using VHX-200 (Keyence) digital microscope, and once their formation was completed their growth rarely proceeded again. However, some other deformation kink bands that showed much slower formation speed were also observed. In such bands, the movement of kink band boundary along the lateral and perpendicular directions with respect to the boundary was sometimes detected. An example of such deformation kink bands were seen in Fig. 9 (d)(f ). As described above, a large deformation kink band formed in the right-side grain, and it gradually expanded as the deformation proceeded. In Fig. 9 (e), (f ), the position of the deformation kink band boundaries observed in Fig. 9 (d) was inserted as dot lines. By comparing the boundary position, the slow migration of the kink band boundaries can be recognized. From the snapshot images, the average migration speed of the deformation kink boundary along the direction perpendicular to the kink band boundary, Vn, was estimated to be ³1.9 µm/s; i.e. the migration speed was similar to that observed in Zn single crystal. In addition, the average migration speed of the boundary along its parallel direction, Vs, was measured to be ³10.7 µm/s, although the speed showed large scatters in each band. That is, the migration speed of the deformation kink boundary was found to show anisotropy between the directions parallel and perpendicular to the boundary. The large scatter detected in the value of Vs might suggest that the migration rate shows anisotropy also in-plane direction on the deformation kink band boundary. Further study is required to clarify such details. However, at least the obtained results suggest that the migration speed of the "slower type" of deformation kink band was rather comparable to those observed in Zn single crystal.
To clarify the migration speed of the "faster type" of the deformation kink bands, the other digital microscope, i.e. the Fastcam-SA3 (Photron) that can capture the 40000 frame per second was prepared, and in-situ observation was again conducted. Figure 10 shows the multiple snapshot images showing the growth behavior of the "faster type" of deformation kink bands. Figure 10(a)(c) shows the experimentally obtained snapshot images and Fig. 10(d) , (e) display the explanation on the images. As shown in Fig. 10(b) , (e), a new deformation kink band was rapidly formed nearby the pre-existing deformation kink band within the 1/40000 s. In the next frame ( Fig. 10(c) ), the contrast of the newly formed deformation kink band boundary became stronger and it further extended as compared to the initial position shown in Fig. 10(b) . Owing to their faint contrasts, precise evaluation of the migration speed of the "faster type" boundary was still difficult, but if assuming that their formation and elongation process occurred during each observed frame indicated in Fig. 10(d) , (e), the migration speed could be roughly estimated to be ³4.6 m/s along the horizontal direction and ³0.6 m/s along vertical direction with respect to the deformation kink band boundary, respectively.
To summarize, the migration speed of the deformation kink band boundary evaluated in this study was shown in Fig. 11 . In the LPSO phase DS crystal, two types of formation behaviors of the deformation kink band were observed. The migration speed of the "faster type" deformation kink band was more than 10 5 times greater than those of the "slower type" of deformation kink band, although significant differences were not observed in their appearance. The reason behind such an extremely large difference in the formation behavior has not been clarified yet, but the result might imply that two different mechanisms for the formation of deformation kink band exist in the LPSO phase. In the recent computer analysis using atomistic simulation, the possibility of the existence of some different formation mechanisms (processes) of the deformation kink
(g) (h) Fig. 9 Another example of the multiple snapshot images showing the deformation process of the LPSO phase DS crystal in compression at 0°-orientation at RT. The amount of applied plastic strain was indicated in the figures.
band has been suggested. 37, 38) As one of the suggested mechanisms, the local operation of pyramidal dislocation plays a role to induce the formation of pair of basal dislocations, and it leads to the development of deformation kink bands. In this case, since the motion of "one" pyramidal dislocation governs the formation behavior of the deformation kink band, the formation speed of the deformation kink band is expected to be much higher than that formed by the so-called "Hess-Barrett mechanism". 26) Further study is required to clarify the formation and developing mechanisms of the deformation kink band in the LPSO phase.
Conclusions
(1) The deformation kink bands formed in the Zn single crystals and LPSO phase DS crystals showed many similarities in their morphologies. Their formation induced plastic strain almost along the c-axis. (2) Differences were observed between the deformation microstructure, such as large deformation kink bands being locally formed especially at the ends of the specimen in Zn single crystals, while many beak-like shapes of the deformation kink bands being entirely introduced after a large deformation in the LPSO phase crystals. The sizes of deformation kink bands were rather small in the LPSO phase DS crystal since the grain boundary frequently hinders the growth of deformation kink bands. (3) The migration speed of the deformation kink band boundary was estimated by in-situ observation. It was found that in the LPSO phase DS crystal two different migration behaviors exist. The slower migration process is comparable to that observed in Zn single crystal, but more than 10 5 times faster migration process was also confirmed. Further studies are required for understanding the formation mechanism of the deformation kink band in the LPSO phase. ). Fig. 11 Migration speed of the deformation kink band boundary evaluated by in-situ observations. In the LPSO phase DS crystal, two different migration behaviors of "slower" and "faster" processes were observed.
